Abstract: Tuning the coupling of pulse duration and tool vibration in electrochemical machining (PVECM) is an effective method to improve machining accuracy and surface quality. In general, the pulse is set at the same frequency as the tool vibration, and a symmetrical distribution is attained at the minimum inter-electrode gap. To analyse the characteristics of the electrolyte fluid flow and of the electrolysis products in the oscillating inter-electrode gap, a dynamic simulation of the PVECM process was carried out. The simulation results indicated that the electrolyte pressure and gas void fraction when the pulse arrived as the inter-electrode gap was narrowing clearly differed from those when the inter-electrode gap was expanding. Therefore, in addition to the traditional symmetry coupling mode, two other coupling modes called the pre-position and the post-position coupling modes are proposed which use a pulse either just before or just after the minimum inter-electrode gap. Comparative experiments involving the feed rate and machining localization were carried out to evaluate the influence of the three coupling modes. In addition, current waveforms were recorded to analyse the differences between the three coupling modes. The results revealed that the highest feed rate and the best machining localization were achieved by using the pre-position coupling mode.
Introduction
Electrochemical machining (ECM) is a non-traditional machining process that removes workpiece material via a controlled electrochemical anodic dissolution reaction. With its special characteristics (e.g., no tool wear, high material removal rate, and independence of material hardness [1] [2] [3] ), ECM has been widely applied in aviation, aerospace, energy, healthcare, and other high-tech fields [4, 5] . Adjusting the coupling of pulse duration and tool vibration in ECM (PVECM) is an effective method to improve machining accuracy and surface quality [6] [7] [8] [9] . The PVECM process can achieve electrochemical machining in smaller inter-electrode gaps, and can remove electrolysis products and Joule heat from major inter-electrode gaps. Alternating the machining and scouring processes has a positive and beneficial effect on improving the electrolyte flow field.
Numerous studies have evaluated the effect of tool vibration. For example, Hewidy et al. presented a mathematical model that included vibration to investigate how input parameters affect the efficacy of tool vibration [10] . By using low-frequency tool vibration, Liu et al. significantly improved electrolyte velocities in the inter-electrode gap to improve the removal rate of electrolytic products [11] . Natsu et al. investigated how vibration direction, amplitude, and tool feed rate affect the replicating accuracy and processing speed by applying ultrasonic vibration to ECM [12] . Zhao et al. proposed different feed modes with vibration to improve the stability and localization of ECM [13] . Pan et al. presented an electrochemical micro-machining method with cathode vibration feed based on the mechanics of vibration and the electrochemical principle [14] . Yang et al. improved electrolyte diffusion and convection by applying ultrasonic vibrations [15] , and Liu et al. improved the flow field of machining regions in the process with tool vibration [16] .
Previous research into PVECM focused on how pulse and vibration parameters such as vibration frequency, vibration amplitude, and pulse duration affect machining accuracy and surface quality [10, [17] [18] [19] . There are few studies on the effects of coupling modes of pulse duration and tool vibration. The traditional coupling mode of pulse duration always uses a symmetrical distribution at the moment when the cathode attains the minimum inter-electrode gap. In this coupling mode, the pulse duration consists of two different stages: one where the inter-electrode gap narrows and one where it expands. The electrolyte flow field and the electrolysis products should differ in each stage. The traditional symmetry coupling mode may not be the optimal one. Other than the traditional symmetry coupling mode, two other modes of coupling pulse duration and tool vibration are presented: the pre-position and post-position coupling modes. In the pre-position (post-position) coupling mode, the pulse occurs before (after) the cathode attains the minimum inter-electrode gap.
For this study, simulation analysis and comparative experiments involving the three coupling modes of pulse duration and tool vibration were carried out. In this document, a multi-physical model that couples fluid flow, electricity, and heat is presented. The simulation results indicated that the electrolyte pressure and gas void fraction when the inter-electrode gap was narrowing differed clearly from those when the inter-electrode gap was expanding. Next, three coupling modes are presented: pre-position coupling, traditional symmetry coupling, and post-position coupling. Finally, the results of the experiments investigating machining localization are discussed to evaluate these three coupling modes. Figure 1 depicts the traditional symmetry coupling mode of pulse duration and tool vibration. One period of the pulse goes from point B to point D. The amplitude is A. The minimum gap ∆ between the tool and workpiece is at point C. The durations of stages B-C and C-D are the same, but their statuses clearly differ. In general, the machining process contains two stages: a gap-narrowing stage (B-C) and a gap-expanding stage (C-D). In the narrowing stage, the inter-electrode gap narrows quickly with the accumulation of electrolysis products and bubbles. In the expanding stage, the gap pressure decreases, and the accumulation of products slows down. Different machining conditions are expected if the pulse is completely in the gap-narrowing or gap-expanding stage. The dynamics of the PVECM process were simulated in order to analyse the characteristics of the electrolyte flow and of the electrolysis products in the periodic inter-electrode gap. [16] . Previous research into PVECM focused on how pulse and vibration parameters such as vibration frequency, vibration amplitude, and pulse duration affect machining accuracy and surface quality [10, [17] [18] [19] . There are few studies on the effects of coupling modes of pulse duration and tool vibration. The traditional coupling mode of pulse duration always uses a symmetrical distribution at the moment when the cathode attains the minimum inter-electrode gap. In this coupling mode, the pulse duration consists of two different stages: one where the inter-electrode gap narrows and one where it expands. The electrolyte flow field and the electrolysis products should differ in each stage. The traditional symmetry coupling mode may not be the optimal one. Other than the traditional symmetry coupling mode, two other modes of coupling pulse duration and tool vibration are presented: the pre-position and post-position coupling modes. In the pre-position (post-position) coupling mode, the pulse occurs before (after) the cathode attains the minimum inter-electrode gap.
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Traditional Coupling Mode
For this study, simulation analysis and comparative experiments involving the three coupling modes of pulse duration and tool vibration were carried out. In this document, a multi-physical model that couples fluid flow, electricity, and heat is presented. The simulation results indicated that the electrolyte pressure and gas void fraction when the inter-electrode gap was narrowing differed clearly from those when the inter-electrode gap was expanding. Next, three coupling modes are presented: pre-position coupling, traditional symmetry coupling, and post-position coupling. Finally, the results of the experiments investigating machining localization are discussed to evaluate these three coupling modes. Figure 1 depicts the traditional symmetry coupling mode of pulse duration and tool vibration. One period of the pulse goes from point B to point D. The amplitude is A. The minimum gap ∆ between the tool and workpiece is at point C. The durations of stages B-C and C-D are the same, but their statuses clearly differ. In general, the machining process contains two stages: a gap-narrowing stage (B-C) and a gap-expanding stage (C-D). In the narrowing stage, the inter-electrode gap narrows quickly with the accumulation of electrolysis products and bubbles. In the expanding stage, the gap pressure decreases, and the accumulation of products slows down. Different machining conditions are expected if the pulse is completely in the gap-narrowing or gap-expanding stage. The dynamics of the PVECM process were simulated in order to analyse the characteristics of the electrolyte flow and of the electrolysis products in the periodic inter-electrode gap. Figure 2 shows a schematic diagram of the PVECM process. The electrolyte was pumped through the inlet (boundary 10) to the outlet (boundary 4). The inlet was 30 mm from the outlet, the initial inter-electrode gap was 0.1 mm, and the cathode and workpiece were both 20 mm long. To analyse how the coupling mode of pulse duration and tool vibration affected the gas void fraction, the following assumptions were made.
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Physical Model
1.
The bubbles are evenly distributed in the liquid phase, and no mass transfer occurs between gas and liquid. 2.
The cathode and workpiece surfaces are electric equipotential surfaces. 3.
The current efficiency η = 100%. Figure 2 shows a schematic diagram of the PVECM process. The electrolyte was pumped through the inlet (boundary 10) to the outlet (boundary 4). The inlet was 30 mm from the outlet, the initial inter-electrode gap was 0.1 mm, and the cathode and workpiece were both 20 mm long. To analyse how the coupling mode of pulse duration and tool vibration affected the gas void fraction, the following assumptions were made.
Physical Model
1. The bubbles are evenly distributed in the liquid phase, and no mass transfer occurs between gas and liquid. 2. The cathode and workpiece surfaces are electric equipotential surfaces. (1)
The corresponding boundary conditions are 
The gas void fraction is
where Q is the total volume, Q1 is the gas volume, and Q2 is the liquid volume [21] . The relationship between electrolyte conductivity and gas void fraction is ( )
where is the electrolyte conductivity, is the initial electrolyte conductivity, is the gas void fraction, m is the coefficient of gas void fraction on conductivity (typically, m = 1.5), is the degree of temperature dependence, T is the electrolyte temperature, and T0 is the initial electrolyte temperature.
The current density i is expressed by Ohm's law:
where U is the applied voltage and is the inter-electrode gap between cathode and workpiece. In the ECM process, the cathode electrochemical reaction is The electric potential in the inter-electrode gap is given by the Laplace equation: [20] 
The gas void fraction β is
where Q is the total volume, Q 1 is the gas volume, and Q 2 is the liquid volume [21] . The relationship between electrolyte conductivity and gas void fraction is
where κ is the electrolyte conductivity, κ 0 is the initial electrolyte conductivity, β is the gas void fraction, m is the coefficient of gas void fraction on conductivity (typically, m = 1.5), λ is the degree of temperature dependence, T is the electrolyte temperature, and T 0 is the initial electrolyte temperature. The current density i is expressed by Ohm's law:
where U is the applied voltage and ∆ is the inter-electrode gap between cathode and workpiece. In the ECM process, the cathode electrochemical reaction is
Compared with hydrogen, the volume of oxygen generated during the ECM process can be neglected. The hydrogen generated at the cathode can be described by Faraday's law [22] :
where F is Faraday's constant. The equation describing the tool vibration is
where A is the amplitude of the displacement of the tool cathode, t is the machining time, and f is the vibration frequency. All models were analysed using the COMSOL software. The pulse duration was one-half of a vibration period when the cathode was near the workpiece, so the duty cycle was 50%. Table 1 lists the parameter values used in the calculations. 
Variation of Electrolyte Pressure and Gas Void Fraction
The electrolyte pressure and gas void fraction in the inter-electrode gap were calculated during the PVECM process. As shown in Figure 3 , the electrolyte pressure changed between the different machining stages. The electrolyte pressure gradually increased as the inter-electrode gap decreased. When the cathode attained the minimum inter-electrode gap, the electrolyte pressure in the inter-electrode gap was at maximum. Figure 4 shows the average electrolyte pressure in the inter-electrode gap during one half-period of tool vibration. As the gap narrowed (0 to 0.025 s), the electrolyte pressure was higher than it was as the gap expanded (0.025 to 0.05 s). The inter-electrode gap at 0 s was the same as at 0.05 s, but the electrolyte pressure differed clearly because the inter-electrode gap was narrowing after 0 s but expanding at 0.05 s.
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The electrolyte pressure and gas void fraction in the inter-electrode gap were calculated during the PVECM process. As shown in Figure 3 , the electrolyte pressure changed between the different machining stages. The electrolyte pressure gradually increased as the inter-electrode gap decreased. When the cathode attained the minimum inter-electrode gap, the electrolyte pressure in the interelectrode gap was at maximum. Figure 4 shows the average electrolyte pressure in the inter-electrode gap during one half-period of tool vibration. As the gap narrowed (0 to 0.025 s), the electrolyte pressure was higher than it was as the gap expanded (0.025 to 0.05 s). The inter-electrode gap at 0 s was the same as at 0.05 s, but the electrolyte pressure differed clearly because the inter-electrode gap was narrowing after 0 s but expanding at 0.05 s. Figure 5 shows that the gas bubbles during the different machining stages mainly accumulated in the second half of the flow channel. The vibration of the tool cathode significantly influenced the accumulation of gas bubbles. As the cathode approached the workpiece, the gas void fraction started to rise, and the maximum gas void fraction occurred at the minimum inter-electrode gap. Figure 6 presents the average gas void fraction and tool displacement as a function of time over one halfperiod. The gas void fraction was not symmetrical at about t = 0.025 s, and the gas void fraction at 0 s was less than that at 0.05 s. This distinction had two main causes: first, the inter-electrode gap differed when the power was first turned on, and second, the inter-electrode gap narrowed from 0 to 0.025 s and expanded from 0.025 to 0.05 s. The analysis of electrolyte pressure and gas void fraction showed that the machining conditions as the gap narrowed differed from the electrolyte pressure and gas void fraction as the gap expanded. Therefore, two stagger coupling modes (i.e., the pre-position and the post-position coupling modes) of pulse duration and tool vibration in the PVECM process were investigated. Figure 7 shows a schematic diagram of the coupling of tool motion and pulse duration. The same pulse duration for the two stagger coupling modes was adopted. In the pre-position coupling mode, the machining is Figure 5 shows that the gas bubbles during the different machining stages mainly accumulated in the second half of the flow channel. The vibration of the tool cathode significantly influenced the accumulation of gas bubbles. As the cathode approached the workpiece, the gas void fraction started to rise, and the maximum gas void fraction occurred at the minimum inter-electrode gap. Figure 6 presents the average gas void fraction and tool displacement as a function of time over one half-period. The gas void fraction was not symmetrical at about t = 0.025 s, and the gas void fraction at 0 s was less than that at 0.05 s. This distinction had two main causes: first, the inter-electrode gap differed when the power was first turned on, and second, the inter-electrode gap narrowed from 0 to 0.025 s and expanded from 0.025 to 0.05 s. Figure 5 shows that the gas bubbles during the different machining stages mainly accumulated in the second half of the flow channel. The vibration of the tool cathode significantly influenced the accumulation of gas bubbles. As the cathode approached the workpiece, the gas void fraction started to rise, and the maximum gas void fraction occurred at the minimum inter-electrode gap. Figure 6 presents the average gas void fraction and tool displacement as a function of time over one halfperiod. The gas void fraction was not symmetrical at about t = 0.025 s, and the gas void fraction at 0 s was less than that at 0.05 s. This distinction had two main causes: first, the inter-electrode gap differed when the power was first turned on, and second, the inter-electrode gap narrowed from 0 to 0.025 s and expanded from 0.025 to 0.05 s. The analysis of electrolyte pressure and gas void fraction showed that the machining conditions as the gap narrowed differed from the electrolyte pressure and gas void fraction as the gap expanded. Therefore, two stagger coupling modes (i.e., the pre-position and the post-position coupling modes) of pulse duration and tool vibration in the PVECM process were investigated. Figure 7 shows a schematic diagram of the coupling of tool motion and pulse duration. The same pulse duration for the two stagger coupling modes was adopted. In the pre-position coupling mode, the machining is Figure 5 shows that the gas bubbles during the different machining stages mainly accumulated in the second half of the flow channel. The vibration of the tool cathode significantly influenced the accumulation of gas bubbles. As the cathode approached the workpiece, the gas void fraction started to rise, and the maximum gas void fraction occurred at the minimum inter-electrode gap. Figure 6 presents the average gas void fraction and tool displacement as a function of time over one halfperiod. The gas void fraction was not symmetrical at about t = 0.025 s, and the gas void fraction at 0 s was less than that at 0.05 s. This distinction had two main causes: first, the inter-electrode gap differed when the power was first turned on, and second, the inter-electrode gap narrowed from 0 to 0.025 s and expanded from 0.025 to 0.05 s. The analysis of electrolyte pressure and gas void fraction showed that the machining conditions as the gap narrowed differed from the electrolyte pressure and gas void fraction as the gap expanded. Therefore, two stagger coupling modes (i.e., the pre-position and the post-position coupling modes) of pulse duration and tool vibration in the PVECM process were investigated. Figure 7 shows a schematic diagram of the coupling of tool motion and pulse duration. The same pulse duration for the two stagger coupling modes was adopted. In the pre-position coupling mode, the machining is The analysis of electrolyte pressure and gas void fraction showed that the machining conditions as the gap narrowed differed from the electrolyte pressure and gas void fraction as the gap expanded. Therefore, two stagger coupling modes (i.e., the pre-position and the post-position coupling modes) of pulse duration and tool vibration in the PVECM process were investigated. Figure 7 shows a schematic diagram of the coupling of tool motion and pulse duration. The same pulse duration for the two stagger coupling modes was adopted. In the pre-position coupling mode, the machining is conducted during stages A-C and stops at point C. The decrease of the inter-electrode gap caused an increase in gap pressure. In the post-position coupling mode, the machining begins at point C and is conducted during stages C-E. Contrary to the pre-position coupling mode, the inter-electrode gap increased during the post-position coupling mode. Based on the above analysis, the symmetry coupling mode contained a gap-narrowing stage and a gap-expanding stage, which were quite distinct from each other. However, the pre-position coupling mode contained only a gap-narrowing stage and the post-position coupling mode contained only a gap-expanding stage. Thus, to evaluate the influence of the different coupling modes, three sets of comparative experiments were used to investigate the feed rate and machining localization. Figure 8 shows a schematic diagram of the experimental setup. The different coupling modes of pulse duration and tool vibration were carried out by the equipment, and the results were researched independently. The electrical signals created by the pulse current and tool motion were recorded using a Memory HiCorder (Model 8861-50, Hioki, Japan). During the PVECM process, the workpiece did not move, and the tool cathode moved toward the workpiece at a special feed rate and at a single vibration frequency. At the same time, electrolyte was pumped at a high velocity into the interelectrode gap between the cathode and the workpiece to remove electrolysis products and Joule heat [13] . The cathode and the workpiece were made of stainless steel 304 and the nickel-based alloy GH4169, respectively. The ECM fixture and important components of the experimental apparatus are shown in Figure 9 . The main part of fixture was made of epoxy materials, which had small rates of deformation and good size stability. Based on the above analysis, the symmetry coupling mode contained a gap-narrowing stage and a gap-expanding stage, which were quite distinct from each other. However, the pre-position coupling mode contained only a gap-narrowing stage and the post-position coupling mode contained only a gap-expanding stage. Thus, to evaluate the influence of the different coupling modes, three sets of comparative experiments were used to investigate the feed rate and machining localization. Figure 8 shows a schematic diagram of the experimental setup. The different coupling modes of pulse duration and tool vibration were carried out by the equipment, and the results were researched independently. The electrical signals created by the pulse current and tool motion were recorded using a Memory HiCorder (Model 8861-50, Hioki, Japan). During the PVECM process, the workpiece did not move, and the tool cathode moved toward the workpiece at a special feed rate and at a single vibration frequency. At the same time, electrolyte was pumped at a high velocity into the inter-electrode gap between the cathode and the workpiece to remove electrolysis products and Joule heat [13] . The cathode and the workpiece were made of stainless steel 304 and the nickel-based alloy GH4169, respectively. The ECM fixture and important components of the experimental apparatus are shown in Figure 9 . The main part of fixture was made of epoxy materials, which had small rates of deformation and good size stability. Based on the above analysis, the symmetry coupling mode contained a gap-narrowing stage and a gap-expanding stage, which were quite distinct from each other. However, the pre-position coupling mode contained only a gap-narrowing stage and the post-position coupling mode contained only a gap-expanding stage. Thus, to evaluate the influence of the different coupling modes, three sets of comparative experiments were used to investigate the feed rate and machining localization. Figure 8 shows a schematic diagram of the experimental setup. The different coupling modes of pulse duration and tool vibration were carried out by the equipment, and the results were researched independently. The electrical signals created by the pulse current and tool motion were recorded using a Memory HiCorder (Model 8861-50, Hioki, Japan). During the PVECM process, the workpiece did not move, and the tool cathode moved toward the workpiece at a special feed rate and at a single vibration frequency. At the same time, electrolyte was pumped at a high velocity into the interelectrode gap between the cathode and the workpiece to remove electrolysis products and Joule heat [13] . The cathode and the workpiece were made of stainless steel 304 and the nickel-based alloy GH4169, respectively. The ECM fixture and important components of the experimental apparatus are shown in Figure 9 . The main part of fixture was made of epoxy materials, which had small rates of deformation and good size stability. As shown in Figure 8 , the initial inter-electrode gap was 0.1 mm, and the workpiece machining surface had a height difference of 1 mm. Based on previous experiments involving tool vibration [14] , the machining conditions were chosen as listed in Table 2 . In this study, the factor ψ , which represents the ratio of the depth of material removed at the low surface on the workpiece to that removed at the high surface on the workpiece, was introduced to evaluate the machining localization of PVECM, and is defined as
Experimental Procedures
where h is the depth of material removed at the low surface and H is the depth of material removed at the high surface. In ECM, different inter-electrode gaps lead to different corrosion abilities. A higher feed rate could lead to a smaller inter-electrode gap. The smaller h and the larger H express the higher concentrated corrosion ability and the better machining localization. Thus, a smaller is better. Figure 10 shows a schematic diagram of the machining layout. As shown in Figure 8 , the initial inter-electrode gap was 0.1 mm, and the workpiece machining surface had a height difference of 1 mm. Based on previous experiments involving tool vibration [14] , the machining conditions were chosen as listed in Table 2 . In this study, the factor ψ, which represents the ratio of the depth of material removed at the low surface on the workpiece to that removed at the high surface on the workpiece, was introduced to evaluate the machining localization of PVECM, and is defined as
where h is the depth of material removed at the low surface and H is the depth of material removed at the high surface. In ECM, different inter-electrode gaps lead to different corrosion abilities. A higher feed rate could lead to a smaller inter-electrode gap. The smaller h and the larger H express the higher concentrated corrosion ability and the better machining localization. Thus, a smaller Ψ is better. Figure 10 shows a schematic diagram of the machining layout.
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As shown in Figure 8 , the initial inter-electrode gap was 0.1 mm, and the workpiece machining surface had a height difference of 1 mm. Based on previous experiments involving tool vibration [14] , the machining conditions were chosen as listed in Table 2 . In this study, the factor ψ , which represents the ratio of the depth of material removed at the low surface on the workpiece to that removed at the high surface on the workpiece, was introduced to evaluate the machining localization of PVECM, and is defined as
where h is the depth of material removed at the low surface and H is the depth of material removed at the high surface. In ECM, different inter-electrode gaps lead to different corrosion abilities. A higher feed rate could lead to a smaller inter-electrode gap. The smaller h and the larger H express the higher concentrated corrosion ability and the better machining localization. Thus, a smaller is better. Figure 10 shows a schematic diagram of the machining layout. 
Results and Discussion
To get the highest feed rate, the feed rate was varied from 0.15 mm/min with a step of 0.05 mm/min, and the increase was continued in steps of 0.01 mm/min until a short circuit occurred in the next 0.05 mm/min. The experimental results showed that the highest feed rates for the pre-position coupling mode, symmetry coupling mode, and post-position coupling mode were 0.37, 0.32, and 0.30 mm/min, respectively. Figure 11 shows the instantaneous current for the three coupling modes at the end of machining and with the highest feed rate. The current for the three coupling modes had similar trends. In one vibration period, with the power on, the machining current rapidly reached a maximum and then had a trend from low to high. The peak current occurred shortly after the power was turned on because, its conductivity was high after filtering the electrolyte. Due to the sharp accumulation of electrolysis products, the conductivity decreased rapidly. Figure 11 shows that a higher peak current occurred in the pre-position coupling mode. In addition, just before the power was turned off, the current in the pre-position coupling mode was higher than that in the other modes.
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To get the highest feed rate, the feed rate was varied from 0.15 mm/min with a step of 0.05 mm/min, and the increase was continued in steps of 0.01 mm/min until a short circuit occurred in the next 0.05 mm/min. The experimental results showed that the highest feed rates for the pre-position coupling mode, symmetry coupling mode, and post-position coupling mode were 0.37, 0.32, and 0.30 mm/min, respectively. Figure 11 shows the instantaneous current for the three coupling modes at the end of machining and with the highest feed rate. The current for the three coupling modes had similar trends. In one vibration period, with the power on, the machining current rapidly reached a maximum and then had a trend from low to high. The peak current occurred shortly after the power was turned on because, its conductivity was high after filtering the electrolyte. Due to the sharp accumulation of electrolysis products, the conductivity decreased rapidly. Figure 11 shows that a higher peak current occurred in the pre-position coupling mode. In addition, just before the power was turned off, the current in the pre-position coupling mode was higher than that in the other modes. Figure 12 shows the average current for the three coupling modes with their highest feed rate at the end of machining. It can be seen that the average current of the pre-position coupling mode was higher than that of the other two modes. Associated with the instantaneous current of the three coupling modes, the pre-position coupling mode had a higher current density and dissolution velocity than the symmetry or post-position coupling modes, and maintained a small, stable interelectrode gap, which could allow a better control of accuracy [23] . Thus, at the highest feed rate, the pre-position coupling mode could make machining more uniform and stable. The analysis of machining current therefore indicated that the pre-position coupling mode was more suitable than the symmetry or the post-position coupling modes for the PVECM process, even at the highest feed rate. Figure 12 shows the average current for the three coupling modes with their highest feed rate at the end of machining. It can be seen that the average current of the pre-position coupling mode was higher than that of the other two modes. Associated with the instantaneous current of the three coupling modes, the pre-position coupling mode had a higher current density and dissolution velocity than the symmetry or post-position coupling modes, and maintained a small, stable inter-electrode gap, which could allow a better control of accuracy [23] . Thus, at the highest feed rate, the pre-position coupling mode could make machining more uniform and stable. The analysis of machining current therefore indicated that the pre-position coupling mode was more suitable than the symmetry or the post-position coupling modes for the PVECM process, even at the highest feed rate. Figure 13 shows the factor ψ for the three coupling modes and the corresponding workpieces. It also shows that, for all coupling modes, ψ gradually decreased with increasing feed rate.
Compared with the symmetry coupling mode and the post-position coupling mode, the pre-position coupling mode had a higher feed rate and a smaller ψ . The smallest ψ of the pre-position coupling mode was 0.076 at a feed rate of 0.37 mm/min, whereas the smallest ψ for the symmetry and the post-position coupling modes was 0.088 and 0.107 at feed rates of 0.32 and 0.30 mm/min, respectively. Thus, the pre-position coupling mode took machining efficiency and quality into account and offered a higher feed rate and a better machining localization. Figure 14 show the workpieces for the different coupling modes with different feed rates. A serious overcut occurred with the lower feed rate. The height difference of the workpiece surface was almost invisible (e.g., for the workpiece at 0.15 mm/min). The height difference was more obvious for the higher feed rate in one coupling mode. Thus, a better machining localization was obtained at higher feed rates. Figure 13 shows the factor ψ for the three coupling modes and the corresponding workpieces. It also shows that, for all coupling modes, ψ gradually decreased with increasing feed rate. Compared with the symmetry coupling mode and the post-position coupling mode, the pre-position coupling mode had a higher feed rate and a smaller ψ. The smallest ψ of the pre-position coupling mode was 0.076 at a feed rate of 0.37 mm/min, whereas the smallest ψ for the symmetry and the post-position coupling modes was 0.088 and 0.107 at feed rates of 0.32 and 0.30 mm/min, respectively. Thus, the pre-position coupling mode took machining efficiency and quality into account and offered a higher feed rate and a better machining localization. Figure 14 show the workpieces for the different coupling modes with different feed rates. A serious overcut occurred with the lower feed rate. The height difference of the workpiece surface was almost invisible (e.g., for the workpiece at 0.15 mm/min). The height difference was more obvious for the higher feed rate in one coupling mode. Thus, a better machining localization was obtained at higher feed rates. Figure 13 shows the factor ψ for the three coupling modes and the corresponding workpieces. It also shows that, for all coupling modes, ψ gradually decreased with increasing feed rate.
Compared with the symmetry coupling mode and the post-position coupling mode, the pre-position coupling mode had a higher feed rate and a smaller ψ . The smallest ψ of the pre-position coupling mode was 0.076 at a feed rate of 0.37 mm/min, whereas the smallest ψ for the symmetry and the post-position coupling modes was 0.088 and 0.107 at feed rates of 0.32 and 0.30 mm/min, respectively. Thus, the pre-position coupling mode took machining efficiency and quality into account and offered a higher feed rate and a better machining localization. Figure 14 show the workpieces for the different coupling modes with different feed rates. A serious overcut occurred with the lower feed rate. The height difference of the workpiece surface was almost invisible (e.g., for the workpiece at 0.15 mm/min). The height difference was more obvious for the higher feed rate in one coupling mode. Thus, a better machining localization was obtained at higher feed rates. The results also showed that at a given feed rate for the three coupling modes, ψ for the preposition coupling mode was greater than for the symmetry coupling mode and the post-position coupling mode, and the smallest ψ occurred in the post-position coupling mode. For example, for a feed rate of 0.25 mm/min, ψ = 0.187, 0.184, and 0.148 in the pre-position, symmetry, and postposition coupling modes, respectively. This result indicated that the post-position coupling mode was closer to the limit and had a smaller inter-electrode gap than the other two coupling modes at the same feed rate. Thus, a smaller inter-electrode gap helped to improve machining localization.
Conclusions
In this study, the coupling adjustment of pulse duration and tool vibration was analysed and a method was proposed to improve the machining accuracy of ECM with vibration. After analysing the results of a machining dynamics simulation and a comparison of the ratio ψ for the three coupling modes, the conclusions can be summarized as follows:
The results also showed that at a given feed rate for the three coupling modes, ψ for the pre-position coupling mode was greater than for the symmetry coupling mode and the post-position coupling mode, and the smallest ψ occurred in the post-position coupling mode. For example, for a feed rate of 0.25 mm/min, ψ = 0.187, 0.184, and 0.148 in the pre-position, symmetry, and post-position coupling modes, respectively. This result indicated that the post-position coupling mode was closer to the limit and had a smaller inter-electrode gap than the other two coupling modes at the same feed rate. Thus, a smaller inter-electrode gap helped to improve machining localization.
1.
As the inter-electrode gap narrows, the electrolyte pressure and gas void fraction differ from those as the gap widens. In the pre-position coupling mode, the fluid conditions are better than in the post-position coupling mode.
2.
In each coupling mode, ψ decreases with increasing feed rate. A higher feed rate corresponds to a better machining localization. 3.
At a given feed rate, the post-position coupling mode offers a better machining localization than either the pre-position coupling mode or the symmetry coupling mode.
4.
The best machining localization and highest feed rate are obtained by the pre-position coupling mode, closely followed by the symmetry coupling mode and the post-position coupling mode. 
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